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The system used for embryo culture is important for embryonic development and offspring production during in vitro fertilization. In particular, a medium supplemented with serum to promote the development and survival of normal embryos contains unknown growth-promoting factors (Yamashita and Hoshi 1996) , and can prevent oocyte adhesion and hardening in vitro (Kane 1987) . The serum can inhibit embryo development, induce malformations, and cause immunological problems (Chatot et al. 1984; Ogawa et al. 1987) . To resolve these issues, polyvinylpyrrolidone (PVP) is used to stimulate the cell division during embryonic development (Kim et al. 1996) . PVP can be used as a promoter of nitrogen fixation and protein synthesis in defined media, and is highly effective in the generation of early embryos (Choi et al. 1999 ). However, using media containing PVP is toxic at transplantation after embryo production; therefore, PVP is not widely used (Ashwood-Smith and Wardy 1971; Dumoulin et al. 1994) . Using antioxidants in PVP-containing media affects the development of embryos and maturation of nuclei during in vitro maturation and culture (Kim et al. 2004 ). Choi et al. (2007) showed that the use of an antioxidant-containing culture medium increases embryonic development via antioxidation of bovine embryos (Momozawa and Fukuda 2011; Mizumachi et al. 2018 ). To date, few studies have used avirulent fixed media to examine the activ- TCM-199 + 10% FBS FBO + 1.5 U/ml heparin CR/aa + 10% FBS TCM-199 + 0.1% PVP KSOM/aa + 0.1% PVP IVM = in vitro maturation, IVF = in vitro fertilization, IVC = in vitro culture, TCM = tissue culture medium, FBS = fetal bovine serum, PVP = polyvinylpyrrolidone, SBO = sperm Brackett-Oliphant medium, FBO = fertilization Brackett-Oliphant medium, CR = Charles Rosenkrans amino acid medium, KSOM = potassium simplex optimized medium 1 whole IVM group was supplemented with 2.5 µg/ml follicle stimulating hormone, 1 µg/ml estradiol-17β, and 50 μg/ml gentamycin ity of matrix metalloproteinases (MMPs) during embryonic development (Mizumachi et al. 2018) . Dynamic changes in the cytoplasm are crucial for embryonic development. MMPs promote the development of oocytes and induce changes in the intercellular extracellular matrix (ECM) during embryonic development. MMPs are involved in the development of ovarian follicles during ovarian development and ovulation (Imai et al. 2003) . In particular, MMP-9 is implicated in the development of early embryos, and plays an important role in improving the quality and implantation of blastocysts (Gu et al. 2015) . The activity of MMPs also influences the interaction between mature oocytes and spermatozoa during oocyte fertilization (Bilen et al. 2014) . Additionally, using tissue inhibitors of metalloproteinases (TIMPs) affects embryonic development by stabilizing the ECM during the embryonic cell division (Yang et al. 2015; Atabakhsh et al. 2018) . And mechanisms that act on cell remodelling or cell death during the embryonic cell division are formed along with cytoplasmic degradation, and Casp-3 activity is a very important factor (Song et al. 2011) . Thus, the activity of Casp-3 can determine whether cells are dead or confirm the possibility of death, and can predict apoptosis after the action of MMPs (Lee et al. 2019) . These studies indicate that the activity of MMPs and Casp-3 in serumcontaining and serum-free media may therefore influence embryonic development. In this study, we investigated whether the activity of MMPs in serum-containing or serum-free media can affect embryonic development.
MATERIAL AND METHODS
Oocyte maturation. This study was carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The protocol was approved by the Committee on the Ethics of Animal Experiments of Hankyong National University (Permit Number: 2017 , 2017 . The ovaries of Korean cows slaughtered at slaughterhouses were placed in physiological saline (0.85%) at 35°C, transported to our laboratory within 2 h, and washed three to four times with reproductive salt water. A 19-gauge needle attached to a 10-ml syringe was used to collect the ovum and follicular fluid from antral follicles 2-6 mm in diameter. The cumulus oocyte complexes (COCs) were observed under a stereomicroscope; only those with three or more uniform layers of compact cumulus cells, and with homogeneous cytoplasm, were selected for further study. The sorted oocytes were washed three to four times with basic culture medium supplemented with bovine serum albumin (BSA) (Sigma-Aldrich, USA). Then, the oocytes were matured using two groups. Group 1 was placed into maturation culture medium TCM-199 (Gibco, USA; 500 µl), supplemented with 10% foetal bovine serum (FBS; Gibco). Group 2 was placed into TCM-199 maturation culture medium (500 µl), supplemented with 0.1% PVP. For each group, we used 20-25 COCs per well without mineral oil, and incubation was performed at 39°C in a 5% CO 2 humid atmosphere incubator for 24 h. Table 1 shows the experimental groups used in this study.
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Sperm processing and in vitro fertilization.
Frozen semen was thawed in warm water at 37°C for 15-20 s and centrifuged at 600 g for 25 min using 90% and 45% Percoll gradients (Sigma-Aldrich). Next, 1 ml was diluted with 3 ml sperm Brackett-Oliphant (SBO) medium and centrifuged again at 600 RCF for 5 min to wash the sperm. For in vitro fertilization using the prepared sperm, 13-15 mature oocytes were suspended in 25 µl of in vitro fertilization Brackett-Oliphant (IVF-BO) medium in a 60-mm culture dish and covered with mineral oil. The sperm pellet was resuspended in IVF-BO medium, and 2 × 10 6 sperms were added to the oocytes. The gametes were then incubated for 18 h in a 5% CO 2 humid atmosphere incubator at 39°C for in vitro fertilization (Brackett and Oliphant 1975; Momozawa and Fukuda 2003) .
In vitro culture. For experiments using in vitro culture, we prepared two types of in vitro culture media: the CR medium (Charles Rosenkrans amino acid medium) contained 10% FBS (Rosenkrans Jr. et al. 1993) , and the modified potassium simplex optimized medium (KSOM) contained 0.1% PVP instead of BSA (Liu and Foote 1995) . After 18 h of in vitro fertilization, the cumulus cells and corona radiata cells were removed by pipetting and washed in TCM-199 medium. Ten presumptive zygotes with cumulus cells and corona radiata cells were added to a 30 µl drop of each type of prepared media and covered with mineral oil, while the incubation was conducted at 39°C for 7 days in a 5% CO 2 humid atmosphere (10 fertilized eggs per each drop). The zygotes were cultured for 3 days, and were then transferred into freshly prepared culture media.
Gelatin zymography. For zymography and Western blots, total protein was extracted from mature oocytes, presumptive zygotes, and cultured blastocysts, using a Pro-Prep protein extraction solution (iNtRON, Republic of Korea) according to the manufacturer's instructions. Protein samples (50 µg) were added to loading buffer (0.06% bromophenol, 10% SDS, 2% glycerol), allowed to stand on ice for 5 min, and then subjected to electrophoresis for 90 min at 150 V; we used 12% SDS-PAGE gels containing 100 mg/ml gelatin A/B. The gels were washed with renaturation buffer (2.5% Triton X-100) twice for 20 min, then placed in zymography reaction buffer and incubated at 37°C for 18 h. Then, the gels were stained with 0.5% Coomassie blue R250 (Bio-Rad Laboratories, Inc., USA) staining solution for 1 h and destained with Destain Solution (Bio-Rad Laboratories, Inc.) for measurement of white bands to MMP-2 and MMP-9 activity.
ELISA. The MMP-2 (ab78796; Abcam, UK), MMP-9, TIMP-2 (sc-9905), and TIMP-3 (sc-6836) (all Santa Cruz Biotechnology Inc., USA) primary antibodies were added to 96-well ELISA plates to analyse the expression levels of these proteins in protein sample and culture media; incubation was conducted at 4°C for 24 h. After washing twice with washing buffer (1 × PBS containing 2.5% Triton X-100), the well contents were blocked for 24 h at 4°C with 1% skim milk blocking solution. After washing with washing buffer, anti-rabbit (sc-2054) and anti-mouse (sc-2054 and sc-2031) (all Santa Cruz Biotechnology Inc.) secondary antibodies were added to each well, and the plates were incubated for 2 h with detection or substrate solution (R & D Systems, USA). The reaction was stopped with 1 M NH 2 SO 4 , and absorbance was measured at 450 nm. Protein levels were determined using a standard curve based on four parameters (y =
Western blotting. Proteins (50 µg) extracted from each sample were quantified using the Bradford assay (state manufacturer) according to the manufacturer's instructions, separated by SDS-PAGE at 150 V for 1 h, and transferred to polyvinylidene difluoride (PVDF) membranes (0.2µm); the membranes were blocked with skim milk blocking buffer for 1 h. We used the following primary antibodies: β-actin (sc-47778), TIMP-2 (sc-9905), TIMP-3 (sc-6836), Casp-3, BCL-2 (sc-492) (all Santa Cruz Biotechnology Inc.) diluted at 1 : 5000. The membranes were incubated with appropriate primary antibodies at 4°C for 20 h, and were then washed three times (for 10 min each time) with TBS-T (1× Tris + 1× NaCl + 0.05% Tween 20) to remove unbound antibodies. As secondary antibodies, we used anti-rabbit (ab6721) or anti-mouse (ab6798) (both Abcam) antibodies diluted at 1 : 5000, which were incubated with the membranes at room temperature for 2 h; the membranes were then washed three times with TBS-T for 10 min per time. Consequently, the membranes were fluorescently developed for 5 min using ECL detection reagents, and exposed to X-ray film for 1 to 5 min. Protein expression levels were compared with that of β-actin and quantified using the Alpha Innotech Version 4.0 program (San Leandro, USA).
Immunofluorescence. Cultured samples (COC, zygotes, and blastocysts) were fixed in 4% para-https://doi.org/10.17221/205/2019-CJAS formaldehyde overnight at 4°C, washed for 30 min in PBS, and permeabilised with 0.2% Triton X-100 for 30 min at room temperature (RT). Dehydration and permeabilisation were performed by freezing the samples at −20°C in 0.1% Triton X-100 in PBS. After blocking with 3% BSA in PBS, the samples were incubated with an antibody against the active forms of MMP-2 (ab78796-100), MMP-9 (ab58803) (both Abcam), TIMP-2, and TIMP-3 at 1 : 150 dilution. The samples were then washed and incubated with anti-rabbit (35560) and anti-mouse IgG (A11001) antibodies conjugated to Alexa Fluor 488 or Alexa Fluor 594 (Molecular Probes: Invitrogen, Canada). Nuclei were counterstained with 1 g/ml Hoechst 33258, and cover slips were mounted using a fluorescent mounting medium (Dako, USA). Images were acquired using an Olympus AX70 fluorescence microscope fitted with a CCD colour camera (Olympus, Japan).
Statistical analysis. Data were analysed by t-tests and a generalised linear model method using SPSS Statistics 20 (SPSS, Republic of Korea). Table 2 shows the results of maturation analysis using first-grade eggs in which cumulus cells were formed in serum-containing and serum-free media. The development of meiosis 1 (MI) was significantly higher in serum-free medium, but the development of meiosis 2 (MII) was highest in serum-containing medium. These results indicate that the maturation of eggs in serum-containing medium was relatively higher than that in serum-free medium (P < 0.05).
RESULTS

Oocyte maturation in serum-free and serumcontaining media.
Fertilized egg generation in serum-free and serum-containing media. The results for fertilized egg development in serum-free and serum-contain-ing media are shown in Table 3 . The development of serum-containing medium to final blastocyst was significantly higher, but the embryo development of serum-free medium (containing PVP) was relatively lowest. These results indicate that the blastocyst development in serum-containing medium was approximately significantly higher than that in serum-free medium (P < 0.05).
Influence of MMPs and TIMPs on in vitro oocyte maturation. We analysed the expression of MMPs and TIMPs in oocyte culture medium, and in oocytes matured in serum-containing and serum-free in vitro maturation medium. Our results indicate that MMPs were mainly expressed in the cytoplasm of cumulus cells; scant expression was detected in the cytoplasm of egg cells. In eggs matured in serumcontaining in vitro maturation medium, MMP-9 was expressed at equal levels in cumulus cells and egg cytoplasm; however, the expression of MMP-2 was low in all the media examined ( Figure 1A) . ELISA, evaluating the concentration of MMP proteins in eggs, indicated that the expression of MMP-2 and -9 was significantly higher in the serum-containing group than in the serum-free group. Activity analysis indicated that MMP-9 activity was higher in the serum-containing medium and serum-containing medium-matured oocytes than in the serum-free group ( Figure 1B) . Zymography results indicated high activities of MMP-2 and MMP-9 in the medium and eggs of the serum-containing group, whereas high activity of MMP-2 was detected in the medium of the serum-free group ( Figure 1C ). Although we were unable to detect any expression of the TIMP inhibitors of MMPs in serum-containing and serum-free media, we observed a significantly higher expression of TIMP-2, which suppresses MMP-2, in the serum-containing group compared with that in the serum-containing group ( Figure 1D) . Figure 2 shows the expression and activity patterns of MMPs in embryos 18 h after in vitro fertilization of oocytes matured in serum-free and serum-containing media. The expression patterns of MMPs differed in fertilized eggs. In embryos generated by in vitro fertilization of oocytes matured in serum-free medium, MMP-2 was expressed in the cytoplasm. TIMPs were highly expressed in the cumulus cell layer, with TIMP-2 and -3 expression detected in the cytoplasm of oocytes. In eggs fertilized in serum-containing medium, TIMP-2 was expressed throughout the cytoplasm of fertilized eggs, whereas the expression of MMP-2 in the cytoplasm of fertilized eggs was very low. In contrast, MMP-9 was expressed in the egg cytoplasm, whereas cytoplasmic expression of TIMP-3 was very low in the serum-free group (Figure 2A ). The analysis of MMP activity in media and eggs indicated that the activity of MMPs was very low in media. The activity of MMP-9 was detected in serum-free medium; however, it was difficult to detect MMP-9 activity in proteins obtained from the eggs. In contrast, MMP-2 activity in the proteins of eggs from the serum-free group was considerably higher than that in the eggs from the serum-containing group. However, even in the serum-containing group, the expression of MMPs in the badge was low, whereas the expression in the eggs was high. The activity of MMP-9 was particularly high, and was also detected in the proteins of fertilized eggs from the serumcontaining group (Figure 2B, C) . Figure 3 shows the results of analysis comparing the expression patterns of MMPs and TIMPs in blastocysts developed in serum-free and serum-containing media; these types of media were used for embryonic development of fertilized eggs. In blastocysts from the serum-containing group, MMPs and TIMPs were expressed in the inner cell mass. The expression of MMP-9 was generally higher than that of MMP-2, and the expression of TIMP-2 was generally higher than that of TIMP-3. In the serum-free group, the expression of MMP-2 was detected in the inner cells, whereas MMP-9 was expressed in trophoblast cells. The distribution and expression of TIMP-2 and TIMP-3 showed similar patterns. Thus, in the serum-containing group, we found that MMPs were expressed in the inner cell mass, whereas in the serum-free group, MMPs were expressed in trophoblast cells. Figure 4 shows MMP activity, TIMP expression, and expression pattern of apoptosis-related factors (Casp-3, BCL-2) in blastocysts cultured in serum-free and serum-containing media. MMP-9 was most highly expressed in the serum-containing medium. In contrast, we found that the expression of MMP-2 was higher in serum-free medium than in serum-containing medium (Figure 4A, B) . The expression of TIMPs contrasted with that of MMPs , with TIMP-3 being highly expressed in the serum-free group. However, we were unable to detect any expression of TIMP-2 in the serum-free group. The expression of Casp-3 (a cell-death factor in blastocysts) was detected in all the groups. Quantitative analysis indicated a high expression of Casp-3 in the serum-free group and high expression of BCL-2 in the serum-containing group (Figure 4C ). 
Analysis of the expression pattern of MMPs after in vitro fertilization.
Distribution and expression patterns of MMPs and TIMPs in blastocysts.
Analysis of MMP activity and expression pattern of apoptotic factors in blastocysts.
DISCUSSION
Our results indicate that the rate of maturation and blastocyst appearance differed markedly depending on culture in serum-free or serumcontaining media; patterns of MMP expression also differed with respect to the media used for culture. Previously, Lee et al. (2005) showed that MMP-9 was highly expressed in oocyte cytoplasm, and that probability of fertilization could be increased. Consistently, we observed high MMP-9 expression in mature oocytes cultured in serumcontaining medium, and confirmed that the expression of MMP-9 increased in the ovum cytoplasm as oocytes matured. However, the expression of MMP-2 was observed only in the cumulus cells of mature oocytes cultured in serum-containing medium, indicating that the activity of MMP-2 is important for the cumulus cell expansion during oocyte maturation. This result also indicates that serum plays an important role in the activity of MMPs contained in the sperm and egg during in vitro fertilization, as was shown previously by Kim et al. (2013) . Our results indicate that from the induction of in vitro fertilization and until the start of embryonic development, MMP activity was maintained in the cumulus cell layer and ovum cytoplasm. Results also indicate that MMP-2 and MMP-9 showed contrasting expression patterns in cumulus cells and the ovum cytoplasm during embryonic development. These results also show that the expression of MMP-9 was increased in the embryonic cytoplasm, which is consistent with the findings of Whiteside et al. (2001) , Imai et al. (2003) , and Lee et al. (2005) . We found that the expression of MMPs in the cytoplasm positively affected the cell division. Our results also indicate that the expression of MMP-9 in the inner cell mass of the blastocyst may promote embryonic development. However, we found that the expression of MMPs in serum-free medium was lower than that in serumcontaining medium. In particular, the expression of MMP-2 was increased in the cytoplasm after in vitro fertilization, and the activity of MMP-2 was higher than that in the serum. We also evaluated how using PVP in serum-free medium influenced the rate of blastocyst generation. We found that the use of PVP affected the rate of blastocyst appearance; our results contrasted with those of Kim et al. (2004) . In the development of bovine embryos, PVP can be used as a substitute for BSA to alleviate compositional and immunological problems associated with complex media containing antioxidants. However, PVP was not conducive to embryonic development (Hirao et al. 2004; Kim et al. 2004; Choi et al. 2007 ). In contrast with the findings of Mizumachi et al. (2018) , who investigated the effect of PVP on the growth and viability of cumulus cells during maturation of oocytes, our results show that using the serum for oocyte maturation in the ovaries increased the activity of MMPs (Hirao et al. 2004; Kim et al. 2004 ). MMP expression was significantly increased in the inner cell mass of blastocysts in the serum-containing group after in vitro fertilization; MMP expression in the trophoblast was insignificant (Horka et al. 2012; Yang et al. 2015; Mizumachi et al. 2018) . However, in the serum-free medium supplemented with PVP, the expression of MMPs was increased in trophoblastic cells. These results indicate that the expression and activity of MMPs in the early blastocyst developmental stage affect embryonic development, which was also shown by Yang et al. (2015) . These results also show that the expression of MMPs in the inner cell mass of blastocysts in the serum-containing group influenced embryonic development. Momozawa and Fukuda (2011) reported an increased rate of development in bovine embryos obtained using complex media containing PVP. Our results show that the generation of blastocysts in serum-free medium (containing PVP) and serum-containing medium was 48.28% and 61.22%, respectively. Thus, our results on the activity of MMP-2 and -9, and on the locale of MMP expression in blastocysts, differ from those obtained in previous studies. The low incidence of blastocysts in the serum-free group was likely related to the activity of MMP-9, which does not affect oocyte cytoplasm and may be involved in apoptosis. We did not perform an immunolocalization analysis of apoptotic factors in this study. However, our Western blot analyses indicate that the expression of Casp-3 in the serum-free group was increased, and that the expression of BCL-2 was relatively high in the serum-containing group; this increased expression of BCL-2 may have been responsible for the reduced effects of Casp-3. The results of our present study indicate that the activity and expression site of MMP-2 and MMP-9 can affect the appearance of blastocysts during oocyte maturation and embryonic development. Similarly to the findings of Luddi et al. (2018) , our results indicate that MMP-2 and MMP-9 participate in the wall rupture of cumulus cells and in oocyte maturation via collagen digestion, while TIMPs (TIMP-2: MMP-2 inhibitor, TIMP-3: MMP-9 inhibitor) modulate the activity of MMP-2 and -9 (Ogiwara et al. 2005) . Our study suggests that the presence or the absence of MMPs, produced in culture medium and embryonic cells, can be used as an index to measure the rate of embryonic development.
CONCLUSION
Our results show that serum-free and serumcontaining media influence the expression and activity of MMPs. We confirmed that the activity of MMP-9 increases in the inner cell mass of oocytes and blastocysts cultured in serumcontaining medium, which was correlated with embryonic development. Furthermore, we found that MMP-2 activity in cumulus cells, and MMP-9 activity in oocyte cytoplasm, increased the rate of oocyte maturation during the early maturation stage. The activity of MMP-9 in the cytoplasm of developing blastocysts may promote the differentiation and development of embryonic cells. Thus, the activities of MMP-2 and MMP-9 at different sites in blastocysts play an important role in the development of bovine embryos.
